INTRODUCTION
It is well known that all materials and most activities emanate gases or small aerosols by diffusion and desorption. The term "contaminafion" is applied when the emitted gas or aerosol impinges and condenses on a subject surface. Contamination of a "clean" surface originates from two main sources: activities or processes in the clean work area and from the materials used in the construction of the article itself (self-induced contamination).
NVR (or sometimes referred to as molecular contamination) on critical surfaces surrounding space structures have been shown to have a dramatic impact on the ability to perform optical measurements from platforms based in space with the particulate and NVR contamination originating primarily from pre-launch operations (1-2). Molecular deposition on surfaces affects the thermal balance of a spacecraft scheduled for a long duration mission since the absorptance and emittance of the thermal control panels are adversely affected. Any optical surface (such as windows or mirrors) is degraded by molecular depositions and particulates. Condensed films of contaminants on the order of 10 angstroms thick degrade the efficiency and operation of the optical components. Therefore, a real-time measurement of NVR is required to assure that critical components are fully operational and not subjected to high levels of contaminants during payload processing and storage.
The pre-launch NVR contamination problem is even greater with the proposed Space Station since the large surface area of this structure would contribute significantly to the molecular contamination and could jeopardize the operation of numerous scientific instruments planned for this mission.
The currently accepted method of measuring NVR is the use of witness plates to collect the NVR over a time period up to several weeks (3). The major drawback to this technique is that the NVR contamination is integrated which precludes the real-time identification of a contamination event and the ability to curtail activities in the area which causes contamination. The method is also time consuming and tedious since a technician must wash the plates with a suitable solvent to remove the residue, ifiter the extract and place it in a pre-weighed dish which is then brought to dryness. The weight of the remaining residue is considered NVR and is expressed as mg/O.1 m2/month. A sensitive real-time NVR monitor would be a valuable instrument to reduce the overall level of contamination since activities which generate high levels of NVR would be detected in realtime and corrective measures can be taken in a timely manner.
We report here the use of a temperature controlled 200 MHz surface acoustic wave (SAW) resonator piezoelectric mass microbalance to monitor the mass of NVR deposited on its surface in real-time. The real-time NVR instrument was integrated onto a conventional stainless steel NVR plate and operated flawlessly over a 14 day test period at Kennedy Space Center in the O&C building. A constant NVR deposition of about 1 ng/cm2 per day was observed with a number of contamination episodes that were correlated to scheduled activities on the Test Stand.
BASIC PRINCIPLE OF OPERATION
Piezoelectric crystal microbalance technology is the established method of measuring a minute amount of mass deposited on the surface of a oscifiating piezoelectric element. The piezoelectric crystal operates as a microbalance by the de-tuning of the crystal's resonant frequency when mass is added to its surface. Its operation was first elucidated by Sauerbrey (4); and since has been applied to many mass-measuring devices. The change in frequency due to mass addition AM, over area A, follows the general form, M=-af,2M/A (1) The coefficient a depends on the type of crystal and the mode in which its oscillation is excited by the application of an electric field. For a quartz crystal operating in the thicknessshear mode (for an AT.cut bulk crystal), M = -2.2 X i06 f2 Mvl/A (2) Since the mass sensitivity is a function of the square of the operating frequency, small increases in the operating frequency give greater performance. However, with the standard bulk crystal operating in the shear mode, as the operating frequency increases, the thinner the crystal must be. A trade.off of mass sensitivity versus crystal ruggedness results in a 10 MHz crystal being the most commonly used as a microbalance as it possesses acceptable mechanical strength with a mass sensitivity around 2.3 X 108 Hz A new type of piezoelectric crystal configuration was introduced by White and Volltmer which used interdigital transducers deposited on the surface of the crystal substrate (5) . The electric field is applied parallel to the surface of the crystal and Rayleigh waves are generated which move along the surface of the crystal. The fundamental frequency of this device is mainly dependent on the configuration of the transducers and not on the thickness of the substrate. Therefore, higher operating frequencies can be achieved without reducing the thickness of the crystal. The SAW crystal was used mainly for RF electronic applications until Wohltjen reported the use of a SAW device to measure chemical vapors using a chemically coated SAW delay line (6) (7) (8) .
Surface acoustic wave (SAW) piezoelectric sensors typically used by researchers in analytical applications are based on SAW delay lines. The operation of a SAW delay line as a chemical sensor has been described in detail by . A schematic diagram of a delay line is shown in Fig. 1 . When two sets of mterdigital electrodes are deposited on a piezoelectric cxystal at a distance L apart, a standing wave is set up if L = N, where N is an integer and A is the wavelength of the surface acoustic wave. The frequency f is equal to v/A where v is the surface acoustic wave phase velocity. The wavelength is dependent on the spacing, s, between the interdigital electrodes, and is equal to twice the spacing. The bandwidth of the device is determined by the length of each transducer. The transducers serve two main functions, the first is to convert electrical energy from the oscillator circuit into mechanical energy on the surface of the quartz piezoelectric crystal, and vise versa. The second function is to establish the frequency response ofthe delay line. The Rayleigh surface wave travels in both directions away from the transducer. The surface wave that travels away from the opposite transducer and towards the end of the crystal is lost which results in the delay line being a low Q device.
Transducer Transducer Figure 1 . Schematic diagram of SAW delay line. The transducers convert the electrical energy from an oscillating &cuit into a mechanical surface wave. The width and spacing of the interdigital fingers making up the transducers is the primary factor that determines the operating frequency of the ciystal.
Femtometrics identified the limitations of the SAW delay lines (10) and developed a new type of SAW piezoelectric microbalance using an alternative SAW configuration, the SAW resonator (11) . The Femtometrics 200 MHz SAW resonator is similar in construclion as the SAW delay line with interdigital electrodes deposited onto the surface of an ST quartz substrate, but contains additional passive elements deposited on its surface, Fig.   2 . The SAW resonator consists of two transducer electrode arrays that convert the electrical energy into mechanical energy and a set of reflector arrays on each end of the crystal. Unlike the delay line, the resonator's frequency of oscillation is determined by the configuration of the reflector arrays. The mechanical energy traveling along the surface of the crystal is reflected back towards the transducer setting up a standing wave trapping the acoustic energy within the crystal by the constructive interference of the reflected waves. The resonator is therefore a high Q device since the energy is not lost on the ends of the crystal. The 200 MHz SAW resonator was developed to be used as a The inherent noise of an instrument is typically one of the major parameters in determining the lower limitof-detection as it directly relates to the signal-to-noise ratio. For the SAW device this is the frequency variation or 'background noise". Depending on the application, microgravimetric measurements can be made over a period as short as several seconds or up to several weeks or months. The limitof-detection is a function of both the mass sensitivity of the crystal, which is determined by the operating frequency, and the background noise ofthe system. In order to obtain the lowest minimal detectable mass for a given operating frequency the background noise, or frequency fluctuation, of the SAW resonator must be as low as possible.
The frequency stability, Sf/f, of the 200 MHz SAW resonator is an order of magnitude better than a conventional 10 MHz bulk crystal and a tremendous improvement over a 158 MHz delay line system (11) . With a frequency stabffity of 5 X iO, an absolute mass sensitivity of 92 Hz crn2/nanogram and an active surface area of 0.1 cm2, the lower limit.
of-detection (assuming a S/N of 3) of the Femtometrics 200 MHz SAW resonator is approximately 3 X 1012
which is dose to three orders of magnitude lower than a 10 MHz temperature controlled quartz crystal microbalance TQCM).
The 200 MHz SAW resonator instrument operates in the dual difference mode (as typically done with the conventional QCM) whereby the signal from the sensing resonator is mixed with the signal from a reference resonator of the same nominal frequency which is mounted on the same header. The difference or beat frequency is then utilized as the signal output of the instrument. This method provides compensation for fluctuations in temperature and pressure as weli as providing a frequency signal in the kilohertz range which can be acquired with conventional data acquisition hardware.
Although using a reference crystal in the dual difference mode to correct for temperature fluctuations drastically reduces frequency fluctuations at least three orders of magnitude, it does not eliminate it completely. Common fluctuations in room 
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Reflector temperature, several °C over an hour or so, do not induce a significant drift in the instruments baseline signal. However, since it may require several days to weeks to measure extremely low leveLs of NVR contamination any temperature induced drift must eliminated (preferably) or correct for drift via a calibration curve for each sensor since changes in the instrument signal resulting from a change in temperature would give an erroneous indication of NVR deposition.
In order to guard against a false NVR reading due to a drastic change in a facilities temperature the temperature of the SAW package is actively controlled by mounting it to a thermal electric cooling (TEC) device. By actively controlling the temperature of the SAW sensor to maintain a preset temperature, any temperature changes in the environment would not induce a major drift in the baseline. In this way, the theoretical lower limit-of-detection of the 200 MHz SAW resonator can be realized.
Using active temperature control of the SAW sensor, the baseline noise level is typically 
RESULTS AND DISCUSSION
In order to evaluate the laboratory real-time NVR instrument under actual operating conditions it was installed on one of the Test Stands in the O&C building at Kennedy Space Center. In order to assure the SAW sensor's physical, thermal and air flow environment is similar to an NVR plate, the temperature controlled SAW instrument is integrated onto an actual NVR witness plate. The NVR plate containing the SAW instrument was attached to one of the rails on the Test Stand. The SAW resonator real-time NVR monitor operated unattended for 14 days in the O&C building. Several data were collected during this time: SAW beat frequency, NVR plate temperature, SAW temperature and TEC drive voltage.
Recognizing that this is the first time contanunation in terms of "nonvolatile residues" has been attempted in realtime, and that what is reported here is just one set of data covering a single 14-day period, it is useful to discuss first the types of phenomena one might expect to see with a real-time, high sensitivity sensor such as the 200 MHz SAW resonator. The extremely high sensitivity of the SAW, combined with its abffity to detect very small levels of material flux (at a resolution in the fractional mono-molecular4ayer range), allows one to observe and measure both volatile and nonvolatile material fluxes (in either vapor or condensed form). Examination of the frequency shift versus time data obtained from this 14-day test indeed reveals the simultaneous presence of nonvolatile and volatile materials which are correlated to scheduled activities.
The change in the SAW sensor beat frequency versus time data from the 14 day onsite test is shown in Fig 3. It can be seen that there is a general rising trend in the frequency over the test period, represented by the locus of the frequency trace, and corresponds to an average deposition rate of about 1 ng/cm2 day. Superimposed on this rising slope are a number distinct signatures which are seen as rising and falling frequencies, indicating the arrival and departure of volatile materials as observed in our laboratory studies. These signatures can be correlated to activities occurring in the environment where the real-time NVR SAW sensor is located. Some parts of the volatile trace show a general rise with small decays, indicating the source, or sources were present during extended periods. There are also discrete events in which the deposition rate was very high; but these were nearly always followed by an equally steep decline, with a resulting peak that exhibits symmetry. This would be the result of some relatively strong volatile source being brought to the area and subsequently removed. There are also periods of sustained decay in the frequency for many hours. Examination of the timing would show that these were periods after thedeparture of a work crew. Details to which activities were logged varied considerably, so that it is not possible to correlate every notable frequency event with a known activity. However, all but two contamination episodes that were correlated to scheduled activities on the Test Stand. Test Notes or other KSC documentation was not available for to identify the two episodes.
Due to the absence of major activities during the first week, an assessment of the typical baseline stability or "noise" is possible. A 11 hour segment of the raw data is expanded and shown in Fig. 4 (a data point is taken every 45 seconds). This plot ifiustrates the worst case thermally induced noise from the temperature controller is 2 Hz, which corresponds to a lower-limit-of detection of 0.065 ng/cm2, assuming a S/N of 3. over the 14 day period at Kennedy Space Center and successfully measured less than 1 ng/cm2/day NVR contamination. Contamination episodes detected by the instrument were correlated with scheduled activities on the Test Stand. Assuming a baseline noise level of 2 Hz (mainly thermally induced) the absolute mass lower limit of detection would be 0.065 nanograms/cm2. 'fl would enable the detection of a daily NVR deposition rate of less than 0.1 nanograms/crn2/day.
